Increasing evidence supports the view that intestinal farnesoid X receptor (FXR) is involved in glucose tolerance and that FXR signaling can be profoundly impacted by the gut microbiota. Selective manipulation of the gut microbiota-FXR signaling axis was reported to significantly impact glucose intolerance, but the precise molecular mechanism remains largely unknown. Here, caffeic acid phenethyl ester (CAPE), an over-the-counter dietary supplement and an inhibitor of bacterial bile salt hydrolase, increased levels of intestinal tauro-b-muricholic acid, which selectively suppresses intestinal FXR signaling. Intestinal FXR inhibition decreased ceramide levels by suppressing expression of genes involved in ceramide synthesis specifically in the intestinal ileum epithelial cells. The lower serum ceramides mediated decreased hepatic mitochondrial acetyl-CoA levels and pyruvate carboxylase (PC) activities and attenuated hepatic gluconeogenesis, independent of body weight change and hepatic insulin signaling in vivo; this was reversed by treatment of mice with ceramides or the FXR agonist GW4064. Ceramides substantially attenuated mitochondrial citrate synthase activities primarily through the induction of endoplasmic reticulum stress, which triggers increased hepatic mitochondrial acetyl-CoA levels and PC activities. These results reveal a mechanism by which the dietary supplement CAPE and intestinal FXR regulates hepatic gluconeogenesis and suggest that inhibiting intestinal FXR is a strategy for treating hyperglycemia.
Increasing evidence supports the view that intestinal farnesoid X receptor (FXR) is involved in glucose tolerance and that FXR signaling can be profoundly impacted by the gut microbiota. Selective manipulation of the gut microbiota-FXR signaling axis was reported to significantly impact glucose intolerance, but the precise molecular mechanism remains largely unknown. Here, caffeic acid phenethyl ester (CAPE), an over-the-counter dietary supplement and an inhibitor of bacterial bile salt hydrolase, increased levels of intestinal tauro-b-muricholic acid, which selectively suppresses intestinal FXR signaling. Intestinal FXR inhibition decreased ceramide levels by suppressing expression of genes involved in ceramide synthesis specifically in the intestinal ileum epithelial cells. The lower serum ceramides mediated decreased hepatic mitochondrial acetyl-CoA levels and pyruvate carboxylase (PC) activities and attenuated hepatic gluconeogenesis, independent of body weight change and hepatic insulin signaling in vivo; this was reversed by treatment of mice with ceramides or the FXR agonist GW4064. Ceramides substantially attenuated mitochondrial citrate synthase activities primarily through the induction of endoplasmic reticulum stress, which triggers increased hepatic mitochondrial acetyl-CoA levels and PC activities. These results reveal a mechanism by which the dietary supplement CAPE and intestinal FXR regulates hepatic gluconeogenesis and suggest that inhibiting intestinal FXR is a strategy for treating hyperglycemia.
Enhanced hepatic gluconeogenesis contributes to hyperglycemia in type 2 diabetes (1). Pyruvate carboxylase (PC) expression is positively correlated with fasting hyperglycemia with liver-specific PC inhibition preventing high-fat diet (HFD)-induced obesity, hepatic steatosis, and glucose intolerance (2) . PC activation is positively regulated by acetyl-CoA in the liver (3) , and hepatic acetyl-CoA is a key metabolic intermediate that regulates hepatic gluconeogenesis independent of hepatic insulin signaling (4) .
Bile acids, including chenodeoxycholic acid (CDCA), deoxycholic acid, and lithocholic acid, are endogenous farnesoid X receptor (FXR) activators (5) . Hepatic FXR activation by the FXR synthetic agonist GW4064 restores glucose intolerance and insulin resistance (6) . In addition, the conjugated bile acid tauro-b-muricholic acid (T-b-MCA) was found to be a natural FXR antagonist in mice (7, 8) , and increased intestinal T-b-MCA levels ameliorate HFD-induced obesity, glucose intolerance, and hepatic steatosis via inhibition of intestinal FXR signaling (8, 9) . However, the molecular mechanism by which intestinal FXR inhibition restores HFD-disrupted glucose homeostasis is poorly understood and the subject of the current study. Although T-b-MCA is a natural FXR antagonist produced in liver, it is rapidly hydrolyzed into b-MCA by bacterial bile salt hydrolase (BSH) in the gut (9) , resulting in levels that are too low in the intestine to inhibit FXR signaling. Therefore, inhibition of bacterial BSH could block intestinal FXR signaling by increasing intestinal T-b-MCA. To this end, treatment with caffeic acid phenethyl ester (CAPE), a BSH inhibitor (10) , was used in the current study. BSH increased T-b-MCA, resulting in inhibition of intestinal FXR signaling and decreased ceramide synthesis. Decreased ceramides lowered hepatic mitochondrial acetyl-CoA levels and PC activities and attenuated hepatic gluconeogenesis.
RESEARCH DESIGN AND METHODS

Materials and Reagents
CAPE was purchased from Bachem Americas, Inc. (Torrance, CA). GW4064 was purchased from Selleck Chemicals (Houston, TX). Bile acids were purchased from Steraloids, Inc. (Newport, RI) and Sigma-Aldrich (St. Louis, MO), and T-CDCA-d5 sodium salt and CDCA-d5 were purchased from Toronto Research Chemicals, Inc. (Toronto, Ontario). Glucose, pyruvate, citrate, a-ketoglutarate, succinate, fumarate, malate, and thapsigargin were obtained from Sigma-Aldrich. C2:0, C16:0, C18:0, C20:0, C22:0, C24:0, and C24:1 ceramides were purchased from Avanti Polar Lipids (Alabaster, AL). HFD (60% kcal from fat) was obtained from Bio-Serv, Inc. (Frenchtown, NJ).
Animal Studies
Male mice are more sensitive to diet-induced obesity and diabetes than female mice, and thus male mice were used in this study. Six-to eight-week-old male littermate Fxr fl/fl and Fxr ΔIE mice (11) were fed an HFD and gavaged with vehicle or CAPE (75 mg/kg/day) for 4 weeks. For the GW4064 and ceramide turnover study, male C57BL/6N mice fed an HFD were gavaged with vehicle, CAPE (75 mg/kg/day), or GW4064 (10 mg/kg/day) + CAPE for 4 weeks. For the short-term HFD feeding experiment, mice were fed an HFD for 1 week. For the short-term ceramide turnover study, mice fed an HFD were intraperitoneally injected with corn oil or C16:0 ceramide (10 mg/kg) for 1 week. For the endoplasmic reticulum (ER) stress inhibition study, mice fed an HFD were intraperitoneally injected with vehicle or C16:0 ceramide at a dose of 10 mg/kg/day for 1 week. Tauroursodeoxycholic acid (TUDCA) (150 mg/kg, ER stress inhibitor) or saline was intraperitoneally injected to mice at 24 and 4 h before they were killed. All of the mice were randomly assigned to experimental groups (at least five mice per group), and the groups did not present differences in body weights before the treatments. All animal studies were performed in accordance with the Institute of Laboratory Animal Resources guidelines and approved by the National Cancer Institute Animal Care and Use Committee. All mice were fed ad libitum and kept in a 12-h light-dark cycle.
Metabolic Assays
Glucose or pyruvate at 2 g/kg in saline was injected intraperitoneally in conscious animals. Fasting serum insulin levels were measured with a mouse insulin ELISA kit (Crystal Chem, Downers Grove, IL).
Primary Hepatocyte Cultures and Treatment
Primary hepatocytes were isolated as previously described (9) . After starvation for 6 h, hepatocytes were exposed to C2:0 ceramide (10, 20, and 50 mmol/L) and thapsigargin (500 nmol/L, positive control, ER stress inducer) for 8 h.
In certain experiments, TUDCA (1 mmol/L, ER stress inhibitor) was added 1 h before C2:0 ceramide and thapsigargin stimulation.
Hepatic Glucose Production
Cultured primary hepatocytes were incubated with serum-, glucose-, and pyruvate-free DMEM. After 1 h of incubation, TUDCA (1 mmol/L) was added. After another 1-h incubation, C2:0 ceramide (20 and 50 mmol/L), thapsigargin (500 nmol/L, positive control, ER stress inducer), and gluconeogenic substrate pyruvate (1 mmol/L) were added and incubated for an additional 4 h. The amount of glucose released in the medium was measured using a glucose kit (Abcam, Cambridge, MA).
BSH Activity Assay
Cecal proteins and BSH activity measurement were performed as previously described (8) .
Determination of Pyruvate and Oxaloacetate Concentrations
The pyruvate and oxaloacetate concentrations in frozen liver samples were analyzed with a pyruvate assay kit and an oxaloacetate assay kit (Abcam). The concentration was normalized by protein content.
Quantification of Mitochondrial Acetyl-CoA Levels
Liver mitochondria were prepared using a mitochondria isolation kit (Sigma-Aldrich). Acetyl-CoA levels in mitochondria were then determined using a PicoProbe acetylCoA assay kit (Abcam).
Mitochondrial Citrate Synthase and PC Activity Assays
Liver citrate synthase (CS) activity was determined in the mitochondrial fraction after disruption by sonication using a synthase activity assay kit (Abcam). PC activity in the mitochondrial fraction was assayed by coupling oxaloacetate production from pyruvate by PC to NADH oxidation by malate dehydrogenase (2).
Real-Time PCR Analysis
Real-time PCR primer sequences are included in Supplementary Table 1 .
Metabolomic Analysis
The global metabolomics and the lipidomics analysis were undertaken as previously described (9) .
Data Analysis
When comparing two groups, statistical significance was determined using two-tailed Student t test. When more than two groups were investigated, one-way ANOVA followed by Tukey post hoc correction was applied for comparisons. P values of ,0.05 were considered significant.
RESULTS
Inhibition of Intestinal FXR Is Necessary to Improve Hepatic Glucose Homeostasis by CAPE
CAPE is a potential BSH inhibitor identified by highthroughput screening in vitro (10) . To verify the effects of CAPE on BSH in vivo, the cecum content BSH activities were measured in mice on an HFD after they were subjected to CAPE treatment, which was found to substantially attenuate the BSH activities ( Supplementary Fig. 1A ). This resulted in reduced total and individual free bile acid levels in feces of CAPE-treated mice ( Supplementary Fig. 1B and C), whereas both total and individual taurine-conjugated bile acid levels were substantially increased in the ileum after the CAPE treatment ( Supplementary Fig. 1D and E). Notably T-b-MCA was increased in ileum and feces whereas b-MCA was decreased in feces ( Supplementary  Fig. 1C and E) . CAPE treatment increased the percentage of T-b-MCA relative to total bile acids in ileum (Supplementary Fig. 1F ), while hepatic levels of taurocholic acid (TCA), T-a-MCA, and T-b-MCA were slightly increased, and serum levels of taurine-conjugated bile acids remained similar after CAPE treatment ( Supplementary Fig. 1G and H) .
CAPE treatment suppressed ileum FXR signaling, as shown by decreased expression of mRNAs encoded by the FXR target genes Shp, Fgf15, Osta, and Ostb in ileum, but no changes in expression were found in liver (Supplementary Fig. 2A and B) . The inhibition of ileum FXR signaling likely occurred due to increased T-b-MCA, an FXR antagonist (7, 8) , relative to other endogenous bile acid FXR agonists.
Recent studies showed that CAPE, a bioactive compound derived from propolis, improves type 2 diabetes (12) . To further assess the roles of the intestinal FXR in the effects of CAPE treatment on glucose metabolism, control (Fxr fl/fl ) mice and intestine-specific Fxr knockout (Fxr ΔIE ) mice fed an HFD were treated with CAPE. CAPE treatment protected Fxr fl/fl mice from HFD-induced body weight gain, but not in Fxr ΔIE mice (Fig. 1A) . Fasting serum glucose and insulin levels were noticeably reduced in CAPE-treated Fxr fl/fl mice compared with vehicle-treated Fxr fl/fl mice. However, Fxr ΔIE mice were unresponsive to the metabolic benefits of CAPE treatment ( Fig. 1B and C) . Glucose tolerance test (GTT) revealed that CAPE substantially ameliorated glucose intolerance in the Fxr fl/fl mice, whereas it did not have an effect in the Fxr ΔIE mice (Fig. 1D ). Furthermore, pyruvate tolerance tests (PTTs) showed that hepatic gluconeogenesis was markedly inhibited in CAPEtreated Fxr fl/fl mice and vehicle-treated Fxr DIE mice compared with vehicle-treated Fxr fl/fl mice. However, no further inhibition was observed in CAPE-treated Fxr DIE mice compared with vehicle-treated Fxr DIE mice (Fig. 1E ). To further validate the effects of the intestinal FXR pathway in the amelioration of altered glucose metabolism by CAPE, the FXR agonist GW4064 was administered to CAPE-treated mice fed an HFD. GW4064 treatment substantially reversed the inhibition of ileum FXR signaling mediated by CAPE ( Supplementary Fig. 3A ). Furthermore, GTT demonstrated that the CAPE-induced improvements in glucose intolerance were eliminated by GW4064 treatment (Supplementary Fig. 3B and C). PTT showed that GW4064 treatment reversed the inhibition of hepatic gluconeogenesis in CAPE-treated mice fed an HFD (Supplementary Fig. 3D and E). To further explore the mechanism underlying CAPE-induced inhibition of hepatic glucose metabolism, UPLC-ESI-QTOFMSbased metabolomics was used to analyze the metabolites in the livers of the vehicle-and CAPE-treated mice fed an HFD. Scores scatter plot of a partial least squares-discriminant analysis (PLS-DA) model of the UPLC-ESI-QTOFMS-positive mode data from the liver extracts distinguished different metabolic profiles in the CAPE-treated mice from the vehicletreated mice on an HFD ( Fig. 2A) . The ions leading to the separation of the vehicle-and CAPE-treated mice were identified as the TCA cycle metabolites citrate (m/z 191.0191), a-ketoglutarate (m/z 145.1040), fumarate (m/z 115.0038), and malate (m/z 133.0145) (Fig. 2B) , and their identities confirmed by elution times and mass fragmentation patterns that matched authentic standards ( Supplementary Fig. 4 ). The relative levels of the TCA cycle metabolites, including citrate, a-ketoglutarate, fumarate, and malate, were substantially increased by CAPE in wild-type mice but remained unaltered by CAPE in Fxr DIE mice fed an HFD (Fig. 2C ). CAPE treatment markedly upregulated the levels of mRNAs encoded by the genes involved in the TCA cycle, such as citrate synthase (Cs), isocitrate dehydrogenase 3a (Idh3a), isocitrate dehydrogenase 3b (Idh3b), and isocitrate dehydrogenase 3 g (Idh3g) in Fxr fl/fl wild-type mice, but not in Fxr DIE mice (Fig. 2D) . CS is the first enzyme in the TCA cycle, and it catalyzes the generation of citrate from acetyl-CoA. Hepatic mitochondrial CS activities were substantially enhanced in CAPE-treated Fxr fl/fl mice compared with that of vehicle-treated Fxr fl/fl mice, but not in CAPE-treated Fxr DIE mice compared with that of vehicletreated Fxr DIE mice (Fig. 2E ). Increased CS activities led to decreased hepatic mitochondrial acetyl-CoA concentrations in the CAPE-treated Fxr fl/fl mice fed an HFD, but not in Fxr DIE mice (Fig. 2F) . To further investigate the mechanism by which inhibition of intestinal FXR signaling and the resultant reduced hepatic mitochondrial acetyl-CoA levels markedly decreased hepatic gluconeogenesis, the expression of genes involved in hepatic gluconeogenesis, including Pc, Pepck, and G6pc, was further examined. Interestingly, Pc, Pepck, and G6pc mRNA levels were similar in CAPEtreated Fxr fl/fl mice, vehicle-treated Fxr DIE mice, and CAPE-treated Fxr DIE mice, compared with those of vehicletreated Fxr fl/fl mice (Fig. 2G ). Acetyl-CoA was reported to allosterically induce activation of PC, the first enzyme in gluconeogenesis (3) . PC activity in the mitochondrial matrix was noticeably decreased by CAPE treatment of Fxr fl/fl mice, but not in the Fxr ΔIE mice (Fig. 2H) . PC converts pyruvate to oxaloacetate during hepatic gluconeogenesis. Thus, the levels of pyruvate and oxaloacetate in the liver were measured, revealing that CAPE treatment increased pyruvate levels and decreased oxaloacetate levels in Fxr fl/fl mice, but not in Fxr DIE mice (Fig. 2C  and I) . Pyruvate is also converted into the acetyl-CoA via oxidative decarboxylation by pyruvate dehydrogenase (PDH). PDH is inhibited by phosphorylation and activated by dephosphorylation. Although Pdh mRNA levels were not changed by CAPE (Fig. 2J) , phosphorylation of PDH was reduced in Fxr fl/fl mice by CAPE, but not in the Fxr DIE mice (Fig. 2K) . These results indicated that CAPE elevated hepatic PDH activities via inhibition of intestinal FXR. Furthermore, increases in the TCA cycle metabolites citrate, a-ketoglutarate, fumarate, and malate in CAPE-treated mice were eliminated by GW4064 treatment (Fig. 3A) . In addition, the expression of mRNAs encoded by genes related to the TCA cycle, including Cs, Idh3a, Idh3b, and Idh3g, that were elevated in the livers of CAPE-treated mice were reduced to control levels in the vehicle-treated group after administration of GW4064 (Fig. 3B) . GW4064 treatment markedly reversed the CAPE-mediated increase of hepatic mitochondrial CS activities (Fig. 3C) . The levels of hepatic mitochondrial acetyl-CoA decreased after CAPE treatment were substantially abolished by administration of GW4064 (Fig. 3D) . Although GW4064 treatment did not affect the Pc, Pepck, and G6pc mRNA levels in vehicle-and CAPE-treated HFDfed mice, the CAPE-mediated inhibition of hepatic PC activities was totally reversed by GW4064 treatment (Fig. 3E) . The increased pyruvate levels in the livers of CAPE-treated mice were substantially blunted after administration of GW4064 (Fig. 3F) . GW4064 treatment eliminated the CAPE-mediated inhibition of hepatic PDH phosphorylation (decrease of hepatic PDH activities) but did not alter hepatic Pdh mRNA levels ( Fig. 3G and H) . Thus, the overall results indicate that CAPE substantially attenuates hepatic mitochondrial acetyl-CoA levels, PC activities, and gluconeogenesis primarily by increasing CS activities through the inhibition of intestinal FXR. Fig. 5A and B) . The mRNA levels of ceramide synthesis-related genes, including Sptlc2, Cers2, Cers4, Degs2, Smpd3, and Smpd4, were markedly reduced in HFD-fed Fxr fl/fl mice by CAPE treatment but remained unchanged in the HFD-fed Fxr DIE mice (Supplementary Fig. 5C and D) . Furthermore, decreased serum ceramides were increased to levels similar to those in the vehicle-treated group after administration of the FXR agonist GW4064 (Supplementary Fig. 5E ). The decreased mRNA levels of Sptlc2, Cers4, Degs2, Smpd3, and Smpd4 were also reversed by GW4064 treatment (Supplementary Fig. 5F ).
Inhibition of the Intestinal FXR-Ceramide Pathway Decreases Hepatic Gluconeogenesis Independent of Both Body Weight and Hepatic Insulin Signaling
To further exclude decreases in body weight as a causal factor for the reduction of hepatic gluconeogenesis after the inhibition of intestinal FXR, Fxr fl/fl or Fxr ΔIE mice were treated with an HFD or chow diet for a short duration of 1 week that does not lead to a change of body weight (Fig.  4A) . Others have shown that treatment of mice with an HFD for only 3 days can trigger increased fasting serum glucose and glucose intolerance (13) . Indeed, fasting serum glucose levels were markedly higher in Fxr fl/fl mice fed an HFD for 1 week than that in Fxr ΔIE mice on an HFD, or Fxr fl/fl mice fed a chow diet (Fig. 4B) . GTT further demonstrated that Fxr DIE mice displayed improved glucose tolerance when on an HFD for 1 week, similar to the mice on a chow diet (Fig. 4C and D) , and PTT revealed that intestine-specific Fxr disruption substantially suppressed hepatic gluconeogenesis to a normal level after 1 week of HFD treatment ( Fig. 4E and F) . Intestinal Fxr mRNA levels were almost absent and FXR signaling was substantially inhibited in Fxr DIE mice compared with the Fxr fl/fl mice fed an HFD for 1 week (Fig. 5A) . The expression of mRNAs encoded by Sptlc1, Sptlc2, Cers2, Cers4, Degs2, Smpd1, Smpd3, and Smpd4 involved in ceramide anabolism was reduced in the Fxr fl/fl mice fed an HFD for 1 week (Fig. 5B) . The Fxr DIE mice exhibited lower ceramide levels in both serum and ileum than those of the Fxr fl/fl mice fed an HFD for 1 week (Fig. 5C) . No significant alterations were observed in free fatty acid levels of the ileum and serum between the Fxr fl/fl and Fxr ΔIE mice fed an HFD for 1 week (Fig. 4G and H) . Intestine-specific FXR disruption observably enhanced hepatic mitochondrial CS activities in mice fed an HFD for 1 week (Fig. 4I) . Hepatic mitochondrial acetyl-CoA levels and PC activities were substantially suppressed in the Fxr DIE mice compared with those of the Fxr fl/fl mice fed an HFD for 1 week (Fig. 4J and K). Insulin signaling was further investigated in the liver, revealing that Fxr DIE mice did not exhibit improved hepatic insulin signaling, as indicated by no change in insulin-induced AKT Ser473 phosphorylation (Fig. 5D) . These results suggest that intestinal FXR orchestrates hepatic gluconeogenesis independent of both body weight and hepatic insulin signaling.
To further evaluate the roles of intestine-derived ceramide in intestinal FXR-regulated hepatic gluconeogenesis, ceramide was administered to the Fxr fl/fl or Fxr ΔIE mice fed an HFD for a short duration (1 week). Serum ceramide levels in the Fxr DIE mice were replenished to levels comparable to Fxr fl/fl mice after ceramide administration (Fig. 6A) . Administration of ceramide markedly eliminated the decrease of fasting serum glucose levels in the Fxr DIE mice compared with that of the Fxr fl/fl mice fed an HFD for 1 week, with no effect on body weight ( Fig. 6B and C) . GTT and PTT showed that the response to glucose and pyruvate challenge in Fxr DIE mice was observably blunted after 1 week of ceramide treatment in mice on an HFD ( Fig. 6D and E) . The increased hepatic mitochondrial CS activities in the Fxr DIE mice compared with that of the Fxr fl/fl mice fed an HFD for 1 week were reversed by ceramide treatment (Fig. 6F) . The intestinalspecific FXR disruption-mediated inhibition of hepatic mitochondrial acetyl-CoA levels and PC activities was observably abolished by ceramide administration to mice fed an HFD for 1 week (Fig. 6G and H (Fig. 7A) . The downregulation of hepatic Atf6, Bip, Chop, Vdac1, Pacs2, Mfn2, and Ip3r1 mRNAs mediated by CAPE was abolished by administration of GW4064 in mice fed an HFD for 4 weeks (Fig. 7B ). More importantly, ceramide treatment reversed the deceased Atf4, Bip, Chop, Vdac1, Pacs2, Mfn2, Ip3r1, and Ip3r2 mRNA levels in livers of Fxr DIE mice compared with those of the Fxr fl/fl mice fed an HFD for 1 week (Fig.   7C ). Ceramide treatment substantially enhanced the expression of mRNAs encoded by genes involved in ER stress, including Atf4, Atf6, Bip, and Chop, the related ER-mitochondria tethering genes Pacs2 and Mfn2, and calcium transport-related genes Ip3r1 and Ip3r2 in primary hepatocytes in a dose-dependent manner (Fig. 7D) .
Ceramide treatment inhibited Cs mRNA expression in primary hepatocytes in a dose-dependent manner (Fig.  8A) . Similar results were also observed after treatment with the ER stress inducer thapsigargin (Fig. 8A) . To investigate whether the induction of ER stress was responsible for the ceramide-inhibited Cs expression, the classic ER stress inhibitor TUDCA was used. Consistently, ceramideelevated mRNA expression from the ER stress genes Atf4, Atf6, Bip, and Chop and calcium transport-related genes Ip3r1 and Ip3r2 was reversed after treatment with TUDCA both in vitro and in vivo ( Fig. 8B and C) . TUDCA markedly abolished the downregulation of Cs mRNA levels and mitochondrial CS activities in ceramide-treated primary hepatocytes and ceramide-treated mice, respectively ( Fig. 8D and E) . Hepatic mitochondrial acetyl-CoA levels and PC activities that were increased in ceramidetreated mice were decreased to similar levels in the vehicle group after administration of TUDCA ( Fig. 8F and G) . Furthermore, TUDCA stimulation substantially blunted elevated glucose production by ceramide treatment of primary hepatocytes (Fig. 8H) . These results indicate that inhibition of the intestinal FXR-ceramide pathway increases hepatic mitochondrial CS activities and further reduces hepatic mitochondrial acetyl-CoA levels, PC activities, and hepatic gluconeogenesis by suppressing hepatic ER stress, ER-mitochondria tethering, and calcium transport.
DISCUSSION
The current study demonstrated that selective inhibition of intestinal FXR after administration of CAPE substantially downregulated hepatic gluconeogenesis by enhancing hepatic mitochondrial CS activities and then reducing hepatic mitochondrial acetyl-CoA levels and PC activities without affecting hepatic insulin signaling, mainly resulting from decreased intestine-derived ceramides ( Supplementary Fig. 6 ). Further, ceramide administration markedly inhibited mitochondrial CS activity through the induction of hepatic ER stress, ER-mitochondria tethering, and calcium influx, which was primarily responsible for the increased hepatic mitochondrial acetyl-CoA levels and PC activity. Thus, the CAPE-inhibited intestinal FXRceramide pathway reduced hepatic mitochondrial acetyl-CoA levels and PC activity. The role of FXR during the pathogenesis of metabolic dysfunctions might differ between the liver and intestine (15, 16) . In liver, FXR deficiency substantially increases gluconeogenesis, thus aggravating glucose intolerance and insulin resistance (17, 18) . Activation of hepatic FXR by GW4064 improved glucose tolerance Figure 5 -Inhibition of intestinal FXR substantially decreases hepatic gluconeogenesis independent of hepatic insulin signaling changes. The Fxr fl/fl and Fxr ΔIE mice were fed an HFD or a chow diet for 1 week (n = 7). A: The mRNA levels of FXR target genes in the ileum. B: The mRNA levels of the ceramide synthesis-related genes in the ileum. C: The total and individual ceramide levels in the ileum (left) and serum (right). Data are presented as the means 6 SD. Two-tailed Student t test: *P < 0.05 and **P < 0.01 vs. Fxr fl/fl mice. D: Western blot of insulin-stimulated AKT phosphorylation in the liver and quantitation of p-AKT/t-AKT ratios from three independent experiments. and insulin resistance via downregulation of hepatic gluconeogenesis-related gene expression and increasing expression of glycogenesis-related genes (6) . Obeticholic acid, which is a potent FXR agonist, has shown beneficial effects on hepatic steatosis and insulin sensitivity in both mice and humans (19) (20) (21) . However, in the intestine, FXR activation impaired energy expenditure, and further aggravated obesity and glucose intolerance (22) , whereas intestinal FXR inhibition exerted metabolic benefits (16, 23 ). In the current study, GW4064 treatment at low dose, which is much lower than the dose known to activate liver FXR, can activate intestine FXR and promote hyperglycemia. CAPE treatment substantially inhibited hepatic gluconeogenesis and further improved glucose homeostasis by selectively suppressing intestinal FXR signaling. This is rather fortuitous since inhibition of hepatic FXR results in cholestasis, as previously reported (24). Mechanistically, intestinal FXR controls ceramide metabolism. Others reported that FXR activation in L cells of the intestine decreases glycolysis and ATP production, which, in turn, decreases proglucagon expression and GLP-1 secretion, and FXR deficiency in vivo increased GLP-1 in response to glucose, hence improving glucose metabolism (25) . Consistently, intestine FXR deficiency also increased serum GLP-1 levels (C.X., unpublished observations). However, the increased GLP-1 cannot affect the insulin production, as indicated by the unchanged levels of serum C-peptide, a marker of insulin production, and insulin levels after 1 week of HFD treatment. The physiological role of the FXR/GLP-1 pathway in insulin secretion in b-cells in long-term HFD-treated mice needs further investigation. Ceramides, at high levels, induce obesity and insulin resistance (26), and deficiencies in ceramide synthase enzyme 6 (CERS6) markedly ameliorated HFD-induced obesity and insulin resistance mainly via reduced C16:0 Figure 7 -CAPE decreases ER stress and downregulates ER-mitochondria tethering and calcium transport through inhibition of ceramide synthesis. The mRNA levels of the ER stress-related genes, ER-mitochondria tethering-related genes, and calcium transport-related genes in the liver of the Fxr fl/fl mice and Fxr ΔIE mice treated with or without CAPE for 4 weeks on an HFD (A); the vehicle-, CAPE-, and CAPE+GW4064-treated mice fed an HFD for 4 weeks (B); or the Fxr fl/fl mice and Fxr ΔIE mice on an HFD treated with or without ceramide for 1 week (C). n = 5 or 7. One-way ANOVA with Tukey correction: *P < 0.05 and **P < 0.01 vs. vehicle-treated Fxr fl/fl mice (A); *P < 0.05 and **P < 0.01 vs. vehicle; #P < 0.05 compared with the CAPE treatment (B); *P < 0.05 and **P < 0.01 vs. vehicle-treated Fxr fl/fl mice; #P < 0.05 and ##P < 0.01 vs. vehicle-treated Fxr ΔIE mice (C). D: The mRNA levels of the ER stress-related genes, ER-mitochondria tethering-related genes, and calcium transport-related genes in the primary hepatocytes after 8 h of ceramide or thapsigargin stimulation (n = 6). Two-tailed Student t test: *P < 0.05 and **P < 0.01 vs. vehicle. Data are presented as the means 6 SD. Figure 8 -Ceramide decreases the Cs expression via induction of ER stress, ER-mitochondria tethering, and calcium transport. A: Cs expression in primary hepatocytes after 8 h of ceramide or thapsigargin stimulation (n = 6). Two-tailed Student t test: *P < 0.05 and **P < 0.01 vs. vehicle. B: The mRNA levels of the ER stress-related genes, ER-mitochondria tethering-related genes, and calcium transport-related genes in the primary hepatocytes. C: The mRNA levels of the ER stress-related genes, ER-mitochondria tetheringrelated genes, and calcium transport-related genes in the liver. D: The mRNA levels of Cs in the primary hepatocytes. B and D: The primary hepatocytes were exposed to ceramide and the ER stress inhibitor TUDCA for 8 h (n = 6). One-way ANOVA with Tukey correction: *P < 0.05 and **P < 0.01 vs. vehicle; #P < 0.05 and ##P < 0.01 vs. ceramide treatment. The mitochondrial CS activities (E), mitochondrial acetyl-CoA levels (F), and mitochondrial PC activities (G) in the liver. C and E-G: Mice were fed an HFD for 1 week and treated with ceramide and TUDCA (n = 5). One-way ANOVA with Tukey correction: *P < 0.05 and **P < 0.01 vs. vehicle; #P < 0.05 and ##P < 0.01 vs. ceramide treatment. H: Hepatic glucose production in the primary hepatocytes treated with ceramide, thapsigargin, and TUDCA (n = 6). One-way ANOVA with Tukey correction: *P < 0.05 and **P < 0.01 vs. vehicle; #P < 0.05 vs. ceramide or thapsigargin treatment. Data are presented as the means 6 SD.
ceramide levels (27) , whereas CERS6 overexpression aggravated HFD-induced insulin resistance and hepatic steatosis (27, 28) . The overexpression of adipose or liver acid ceramidase, a ceramide degradation enzyme, decreases serum ceramide levels and improved hepatic steatosis and insulin resistance, respectively (29) . Consistent with these findings, decreased intestinal-derived ceramide levels mediated attenuation of hepatic gluconeogenesis in Fxr DIE mice as compared with Fxr fl/fl mice. Ceramide treatment disturbed glucose homeostasis via inhibition of insulin signaling caused by activation of the PKCz pathway (30) . Ceramides also induced pancreatic b-cell apoptosis and impaired insulin production in diabetes (31) . However, serum C-peptide and insulin levels were not changed between Fxr fl/fl and Fxr ΔIE mice fed an HFD for 1 week (C.X., unpublished observations). Moreover, hepatic insulin signaling was not changed in Fxr ΔIE mice. These results suggested a minimal role for insulin secretion and hepatic insulin signaling in attenuating hepatic gluconeogenesis by inhibition of intestine FXR. The current study showed that ceramide induced hepatic ER stress and further increased ER-mitochondria tethering and calcium transport, thus leading to impaired mitochondrial CS activities. Ceramides further elevated hepatic mitochondrial acetyl-CoA levels, PC activities, and gluconeogenesis without affecting hepatic insulin signaling. Ceramides also impaired energy expenditures and induced obesity through hypothalamic ER stress (32) . Obesity-triggered ER stress increased mitochondrial calcium influx mainly through excessive ER-mitochondria coupling in the liver, which could lead to hepatic metabolic abnormalities (14) . In support of the present observation, calcium overload attenuated CS activities (33) . Although it should be noted that there are other pathways influencing acetyl-CoA levels, such as fatty acid b-oxidation, ketogenesis, and de novo lipogenesis, expression of fatty acid b-oxidation genes is not altered (8) , hepatic de novo lipogenesis is repressed (9) , and the Acaa1b and Hmgsc2 genes involved in ketogenesis are actually downregulated by FXR inhibition in the ileum (34) . Thus, these alternative pathways would lead to either no change or an increase in hepatic acetylCoA levels, not the decreased levels seen in the current study.
Recent evidence suggests that increased hepatic acetyl-CoA levels mediated HFD-enhanced hepatic gluconeogenesis through activation of hepatic mitochondria PC independent of hepatic insulin signaling (4). This view is further supported by the finding that inhibition of intestinal FXR reduced HFD-induced hyperglycemia resulting from decreased hepatic acetyl-CoA levels. Others reported that the increased fatty acids derived from white adipose tissue lipolysis triggered the elevated acetyl-CoA contents in livers of mice fed an HFD (4). However, free fatty acid levels in both ileum and serum were not different between the Fxr fl/fl and Fxr ΔIE mice fed an HFD. Interestingly, ceramide species were identified as novel lipids that regulate hepatic mitochondrial acetyl-CoA levels and PC activity mainly through modification of hepatic CS activity. CAPE was reported to have many beneficial metabolic properties, such as antioxidant, anti-inflammatory, antiobesity, and antidiabetes activities (35, 36) . In the present work, CAPE inhibited hepatic gluconeogenesis and improved glucose metabolism deregulation by modulating the T-b-MCA-intestinal FXR-ceramide pathway. It should be noted that CAPE also has antibacterial effects through modification of reactive oxygen species signaling, indicating that CAPE could also modify the gut microbiota (36, 37) . Therefore, CAPE might indirectly inhibit BSH activity resulting from the modulation of gut microbiota; this possibility requires further investigation. In addition, it cannot be excluded that CAPE may have some effects on hepatic gluconeogenesis through non-FXR pathways, as CAPE treatment in wild-type mice tended to increase CS and PDH activity more in vehicle-treated Fxr ΔIE mice, although it is not significant.
In conclusion, this study suggested that inhibition of intestine FXR signaling by administration of CAPE improved glucose metabolism dysfunction through the intestinal FXR-ceramide pathway, leading to decreased hepatic mitochondrial acetyl-CoA levels and PC activities without affecting hepatic insulin signaling. Thus, modification of bacterial bile acid metabolism by use of a BSH inhibitor may represent a promising therapeutic strategy to treat type 2 diabetesassociated hyperglycemia. However, it needs to be emphasized that there are significant differences between the mechanism of metabolic disease between humans and mice and that some of the findings in the current study may not be directly translatable to humans, in particular the interaction between the intestinal microbiota, bile acid metabolites, and intestinal FXR signaling (38) . Furthermore, whether activation or inhibition of intestinal FXR will be of more benefit to the treatment of metabolic disease is an area of intense interest (38, 39) .
